FATP2 is a hepatic fatty acid transporter and peroxisomal very long-chain acyl-CoA synthetase Here we address whether FATP2 is 1) a peroxisomal enzyme, 2) a plasma membrane-associated long-chain fatty acid (LCFA) transporter, or 3) a multifunctional protein. We found that, in mouse livers, only a minor fraction of FATP2 localizes to peroxisomes, where it contributes to approximately half of the peroxisomal VLACS activity. However, total hepatic (V)LACS activity was not significantly affected by loss of FATP2, while LCFA uptake was reduced by 40%, indicating a more prominent role in hepatic LCFA uptake. This suggests FATP2 as a potential target for a therapeutic intervention of hepatosteatosis. Adeno-associated virus 8-based short hairpin RNA expression vectors were used to achieve liver-specific FATP2 knockdown, which significantly reduced hepatosteatosis in the face of continued high-fat feeding, concomitant with improvements in liver physiology, fasting glucose, and insulin levels. Based on our findings, we propose a model in which FATP2 is a multifunctional protein that shows subcellular localization-dependent activity and is a major contributor to peroxisomal (V)LACS activity and hepatic fatty acid uptake, suggesting FATP2 as a potential novel target for the treatment of nonalcoholic fatty liver disease. nonalcoholic fatty liver disease FATTY ACID TRANSPORT PROTEIN (FATP)2 has been suggested to perform various functions. It was first discovered as a peroxisomal very long-chain acyl-CoA synthetase (VLACS) (38) . Independently, FATP2 was identified as a member of the FATP family in the context of protein-mediated long-chain fatty acid (LCFA) uptake (18) . In addition to its function in lipid metabolism, overexpression of FATP2 in COS-1 cells was later shown to increase bile CoA ligase activity (23) . Thus FATP2 has the potential to impact several important pathways of lipid and bile metabolism, but it remains unclear if, and to what degree, hepatic FATP2 fulfills all these suggested functions in vivo.
FATP2 and FATP5 are the two major FATPs in the liver (2, 18, 33, 37) . As the peroxisomal liver VLACS, FATP2 has the potential to contribute to the etiology of X-linked adrenoleukodystrophy (X-ALD) (38) . X-ALD is a progressive neurodegenerative disease, characterized by an accumulation of very long-chain fatty acids (VLCFA), particularly in the brain and adrenal glands (24) . While initially the X-ALD defect was thought to involve a peroxisomal VLACS (15) , positional cloning identified ATP-binding cassette (ABC) protein D1 (ABCD1) as the adrenoleukodystrophy protein (ALDP) (25) . A dysfunctional FATP2 was thought to result in lowered peroxisomal (V)LCFA ␤-oxidation, leading to accumulation of substrates. FATP2 knockout mice demonstrated that deletion of FATP2 indeed led to reduced peroxisomal VLACS activity and peroxisomal LCFA ␤-oxidation. However, loss of FATP2 did not cause an X-ALD phenotype, nor did it enhance disease progression in ALDP knockout mice (16) .
Another enzymatic function that has been suggested to be linked to hepatic FATP2 and FATP5 is bile CoA ligase activity (23, 36) . CoA synthetases are required for bile acid conjugation, as well as the side chain shortening steps of bile synthesis. During the latter reaction, the C 27 bile intermediates 3␣,7␣-dihydroxycholestanoic acid (DHCA) and 3␣,7␣,12␣-trihydroxycholestanoic acid (THCA) are esterified with CoA prior to peroxisomal ␤-oxidation and conversion to C 24 chenodeoxycholate and cholate, respectively (28) . Earlier, in FATP5 knockout mice, we demonstrated impairment of primary and secondary bile acid reconjugation without effect on bile acid de novo synthesis (19) , indicating that FATP5 is not required for DHCA/THCA activation. Furthermore, side chain shortening is thought to occur in peroxisomes, which do not contain FATP5 (6, 9) . This led to the proposal that FATP2 is solely involved in side chain shortening of cholesterol during bile synthesis (19) . Thus its loss should result in dysfunctional de novo bile synthesis and decreased total bile acid levels. However, this prediction has not been validated in FATP2 knockout mice or other in vivo loss-of-function systems.
The enhanced uptake of free fatty acid (FFA) is a welldocumented and evolutionarily conserved function of the FATP family (18, 32, 33) . It is a saturable process that can be inhibited by small molecules (3), and FFA transport can be discerned from other functions by point mutations within FATP (30, 42) . While the exact mechanism of transport has remained elusive, vectorial acylation has been proposed as the method for FATP-mediated FFA transport. This model suggests that intracellular LCFA activation allows for sequestering and/or breakdown of fatty acids to maintain a concentration gradient, which leads to LCFA uptake (43) . Although much debate has centered on the transport mechanism, the link between FATP function and cellular LCFA uptake has been well established in mouse model systems (8) . While FATP3 and FATP4 are expressed only at low levels in the liver, FATP2 and FATP5 are expressed at the highest levels (2, 18, 33, 37) . A 14 C tracer in vivo has shown a Ͼ40% decrease in LCFA uptake from isolated hepatocytes and a reduced absorption of LCFAs in the liver in FATP5 knockouts (6) . In addition, by showing that silencing of hepatic FATP5 in a diet-induced nonalcoholic fatty liver disease (NAFLD) model resulted in reversal of hepatosteatosis, our group demonstrated that FATP5-dependent hepatic LCFA uptake contributes to NAFLD upon lipid oversupply (7) . While the role of FATP2 in hepatosteatosis has not been addressed, one would expect that loss of FATP2 function would result in an improvement of NAFLD similar to that observed following knockdown of FATP5.
To delineate the diverse roles of FATP2 in vivo, we determined its subcellular localization in hepatocytes and established adeno-associated virus (AAV)-based knockdown strategies to elucidate the impact of FATP2 inhibition on liver (V)LACS activity, LCFA uptake, and hepatosteatosis.
MATERIALS AND METHODS

Antibodies and reagents. BODIPY fatty acid (C1-BODIPY
500/512 -C12) and Dynabeads MyOne streptavidin T1 magnetic beads were purchased from Invitrogen (Carlsbad, CA). [ 14 C]oleic acid was obtained from ARC (St. Louis, MO). Polyclonal antisera against the COOH termini of FATP2, FATP4, and FATP5 were raised as described previously (8, 34) . Anti-PMP70 was a gift from Eveline Baumgart-Vogt (1). Anti-␤-tubulin, anti-catalase, and biotinylated anti-PMP70 antibodies were purchased from BD Biosciences (San Jose, CA), BD Transduction Laboratories (San Jose, CA), and Abcam (Cambridge, MA), respectively. All other chemicals were obtained from Sigma (St. Louis, MO).
Peroxisome purification. Peroxisomes were isolated according to a modification of a previously described protocol (21) . Briefly, 1 ml of ice-cold 250 mM sucrose, 10 mM MOPS (pH 7.4), 0.1 mM EDTA, 0.2 mM DTT, and protease inhibitor cocktail was added to 500 mg of liver. After 60 stokes of a Dounce homogenizer, the liver lysates were centrifuged at 1,000 g for 10 min. The supernatant was centrifuged at 5,000 g for 10 min. The resulting supernatant was mixed with prepared streptavidin magnetic beads. The beads were prepared as follows: 100 l (1 mg) of beads were mixed with 500 l of PBS; then the beads were washed three times for 30 min with PBS on a magnetic sorter, and the supernatant was removed. The beads were mixed with 10 g of biotinylated anti-PMP70 and 500 l of PBS with gentle rotation for 30 min at room temperature, washed three times with PBS, and mixed with 20 nmol of biotin and 500 l of PBS with rotation for 30 min at room temperature. Finally, the beads were washed three times with PBS. Prepared beads in 500 l of PBS and 500 l of the supernatant from the liver homogenates were mixed with gentle rotation at 4°C for 1 h. Peroxisomes were isolated bound to magnetic beads after four washes with PBS.
Short hairpin RNA constructs. FATP2 short hairpin RNA (shRNA) sequences were created as suggested elsewhere (27) and did not have any homology with other mouse genes. In vitro experiments used the human H1 promoter in pSUPERIOR (OligoEngine, Seattle, WA) to express all shRNAs. All shRNAs had a loop sequence of 5=-TTCAAGAGA-3= (targeting sequences are listed in Supplemental Fig. S1 ; Supplemental Material for this article is available online at the AJP-Endocrinology and Metabolism web site). Stabilized double-stranded AAV vectors were created, generated, purified, and titered as previously described (12) .
Microscopy.
A laser scanning confocal microscope (Zeiss, Oberkochen, Germany) was used for confocal microscopy. Slides were prepared by cryosectioning optimal cutting temperature compound-embedded tissues that were fixed with 2% paraformaldehyde. Sections were blocked for 30 min with 1% BSA, 10% FBS, 0.05% saponin, and 2% normal donkey serum in HBSS. Primary and secondary antibodies were diluted in the blocking solution and incubated for 1 h. Prolong Gold antifade reagent with 4=,6-diamidino-2-phenylindole (Invitrogen) was used to mount stained sections. Volumetric and colocalization analysis was completed with Imaris software (Bitplane, Zurich, Switzerland). Immunogold electron microscopy was performed as previously described on an electron microscope (model EM 410, Philips) (34) . Liver histology was accomplished by using Masson's trichrome reagent and BODIPY 493/503 (Invitrogen) (6). The Brunt system for grading and staging of fatty livers was used to assess the liver morphology and hepatosteatosis (4) .
Fatty acid uptake assays. All uptake assays were performed as previously described (6, 20, 34) . Briefly, cells were incubated with prewarmed 200 mol/l [ 14 C]palmitate, -oleate, -linoleate, or -octanoate bound to BSA at a 2:1 molar ratio in HBSS. An ice-cold solution of 0.1% BSA and 0.05% phloretin in HBSS was used to stop uptake. Cells were lysed with radioimmunoprecipitation assay buffer and assayed for radioactivity. As an alternative method, isolated hepatocytes or transfected HEK 293 cells (created using FuGENE 6, Roche, Palo Alto, CA) were used for fluorescein-activated cell sorting-based fluorescent uptake assays. Cells were washed and incubated for 30 s at 37°C with a prewarmed 0.1 M BODIPY fatty acid and 0.1% essentially fatty acid-free BSA in HBSS. Uptake was halted with an ice-cold stop solution. Real-time uptake kinetic assays were carried out according to the manufacturer's instructions (Molecular Devices, Sunnyvale, CA).
LACS and VLACS assays. On the basis of previously described methods (39) , the LACS and VLACS assays are similar to each other, and the differences are indicated with the VLACS changes in parentheses. The (V)LACS assays were completed by lysing mouse livers in 10 volumes of 300 mM sucrose-2 mM MOPSNaOH (pH 7.4) with a Dounce homogenizer. The lysates were then diluted to 50 -100 mg/ml (1-2 g/ml), and 20 l (10 l) of diluted liver lysates were mixed with 180 l (90 l) of 150 mM Tris·HCl (pH 8. C57Bl6 mice (Jackson Laboratories, Bar Harbor, ME) were fed regular laboratory chow (no. 5P75, LABDiet, Richmond, IN), low-fat diet (no. D12450, Research Diets) containing 10% fat, or high-fat diet (no. D12492, Research Diets) containing 60% fat. Mice used in the knockdown studies received 3 ϫ 10 11 viral particles of stabilized double-stranded AAV8 in 250 l of PBS or PBS alone via tail vein injections (26) . Commercially available kits were used to determine FFA (Wako Chemicals, Richmond, VA), triglycerides (TG), total bile, cholesterol (Sigma Diagnostics, St. Louis, MO), ␤-hydroxybutyrate, alanine aminotransferase, aspartate aminotransferase, bilirubin (Stanbio Laboratory, Borne, TX), glucose (Themo Electron), and insulin (ALPCO Diagnostic, Windham, NH) from serum samples collected by retroorbital bleeding of each mouse. For glucose tolerance tests, mice were fasted overnight and then injected with glucose (2 mg/kg body wt ip). Similarly, insulin tolerance tests were accomplished by insulin injection (0.75 U/kg body wt). Whole blood was used to measure glucose with a glucometer (Bayer). For measurement of fatty acid absorption, 250 l of olive oil and 3.5 Ci of [ 14 C]oleic acid were delivered via gavage, and blood samples were taken through orbital eye bleeds at 0, 30, 60, 120, and 240 min. Radioactivity of serum was assayed by scintillation counting.
Hepatocyte preparation. Mouse livers were cannulated through the portal vein, and an incision was made in the lower vena cava.
Following the manufacturer's instructions (Invitrogen), perfusion and digestion media were used to perfuse the livers and isolate hepatocytes.
Tissue lipid analysis. Tissues were ground in liquid nitrogen and extracted using the method of Folch et al. (10) . TG was determined using the Sigma Diagnostics kit.
Statistical analysis. Statistical analysis was carried out by Student's t-test and analysis of variance; P Ͻ 0.05 was considered significant. 
RESULTS
The majority of FATP2 does not localize to peroxisomes. FATP2 was originally identified as a peroxisomal VLACS (38) but also has been characterized as a member of the FATP family (18) , which is thought to enhance LCFA membrane traversal. These two functions presumably require different subcellular localizations: to peroxisomes and the plasma membrane, respectively. To assess FATP2 localization and expression patterns, using the unique COOH terminus of FATP2 as antigen to avoid cross-reactivity with other FATP family members, we raised a FATP2-specific polyclonal serum in rabbit. On the basis of Western blots with lysates from HEK 293 cells transiently transfected with different FATPs, the antiserum reacted strongly with FATP2, but not with any of the other FATPs (data not shown). The anti-FATP2 serum detects a ϳ70-kDa protein in liver and kidney lysates (Fig. 1A) . Confocal immunofluorescent microscopy of mouse liver sections shows the FATP2 protein to be predominantly localized in a punctuate pattern inside the cytoplasm and along the plasma membrane of hepatocytes, compared with the staining of actin (Fig. 1B) . Immunoelectron microscopy revealed FATP2 to be localized to basal and apical microvilli in the space of Disse and in bile canaliculi, respectively (Fig. 1C) . To assess how much of the total hepatic FATP2 pool resides in peroxisomes, we performed microscopic and biochemical assays. Threedimensional reconstructions of serial confocal scans through liver sections stained for the peroxisome marker PMP70 and FATP2 were utilized to calculate the overlap between the two proteins in a larger spatial volume using the Imaris software package (Fig. 1D ). An average of 8% of the FATP2 signal overlapped with PMP70. As an alternative approach, we used PMP70-based immunoisolation of peroxisomes (21) to minimize contamination with other organelle fractions. This technique used streptavidin-coated magnetic beads that were bound with biotin-conjugated anti-PMP70 antibodies. After magnetic sorting with several washes, an enriched population of PMP70-expressing organelles was obtained. To account for animal-toanimal and experimental variations, six peroxisome isolations from the livers of male C57Bl6 mice were completed in parallel. Western blots for the nonperoxisomal membrane fraction (supernatant) and peroxisomes showed an average 57-fold enrichment for PMP70 but no enrichment for FATP2 (Fig. 1E) . In contrast, catalase, which in mouse liver is found in peroxisomal and nonperoxisomal fractions such as Golgi and endoplasmic reticulum (41) , was enriched by a factor of 2.4. After normalization to protein concentration and volume of resuspension, it was calculated that 2% of total hepatic FATP2 resides in PMP70-containing peroxisomes. Thus the majority of hepatic FATP2 does not localize to peroxisomes.
FATP2 mediates LCFA uptake. Initial experiments with stable HEK 293 cells overexpressing human FATP2 confirmed that the substrate specificities of FATP2 are comparable to those of other FATPs (34), i.e., enhanced uptake of LCFAs such as palmitate, oleate, and linoleate, with no effect on medium-chain fatty acid (octanoate) uptake (data not shown). The extent of the increase in uptake of a fluorescently labeled LCFA (C 1 -BODIPY-C 12 , BODIPY-LCFA) observed with FATP2 expression was similar to that observed with expression of FATP1 or FATP5 in the same HEK 293 cells and under the same selection conditions (Fig. 2A) . These assays were determined by flow cytometer-based end-point assays for fatty acid uptake. Using a quencher-based fatty acid uptake assay (20) , we were able to compare uptake kinetics of FATP2-transfected with vector-transfected control HEK 293 cells. FATP2 expression greatly enhanced BODIPY-LCFA uptake over control cells, and initial uptake rates were linear over the first 1,000 s with a 10 M substrate concentration (Fig. 2B) .
In vitro and in vivo knockdown of FATP2. To explore the contribution of FATP2 to hepatic lipid metabolism in vivo, we took advantage of an AAV-based shRNA technology, which we recently used to silence hepatic FATP5 expression (7). We first established a FATP2-shRNA cotransfection assay that was used to identify functional FATP2-specific shRNA sequences. Two (FATP2-6 and FATP2-7) of the nine screened shRNA constructs were able to completely suppress FATP2-mediated fatty acid uptake (Fig. 3B) , as well as FATP2 protein expression (Fig. 3A) , in our in vitro systems. Based on FATP2-6 and FATP2-7, we generated two AAV-shRNA expression constructs to target FATP2, as well as a scrambled (SCR) shRNA sequence control vector, as previously reported for FATP5 (7) . Western blots of liver lysates at 1 wk following a tail vein injection of AAV-shRNA particles showed that AAV-FATP2-6, but not AAV-FATP2-7, was able to mediate a robust knockdown of hepatic FATP2 in vivo (Fig. 3C) . We previously reported similar observations (6, 8) but failed to provide an explanation for this unpredictable translation from functional in vitro to efficient in vivo sequences. Importantly, knockdown of hepatic FATP2 did not alter FATP2 expression in the kidney or affect the expression levels of FATP5 in the liver (Fig. 3C) , demonstrating organ and target specificity. AAV-FATP2-6 was used for all subsequent experiments. To demonstrate the impact of loss of FATP2 function on hepatic fatty acid uptake, we performed fluorescein-activated cell sortingbased fatty acid uptake assays with isolated hepatocytes (7) 1 wk following the injection of PBS, control virus, or FATP2-specific virus. Comparison of fatty acid uptake with control hepatocytes treated with phloretin, a nonspecific inhibitor of protein-mediated uptake processes at the plasma membrane, showed a robust (ϳ40%) reduction of fatty acid uptake by hepatocytes from FATP2 knockdown mice (Fig.  3D) . To investigate the impact on total and peroxisomal long-chain acyl-CoA synthetase (LACS) and VLACS activity, we performed enzyme assays using palmitate and lignocerate as respective substrates. At 10 days following injection of scrambled AAV-shRNA (AAV-shRNA-SCR) or AAV-shRNA-FATP2 particles, livers were harvested, and loss of FATP2 (Ͼ92%) was confirmed by Western blotting (Fig. 4A) . Loss of FATP2 did not significantly affect LACS or VLACS activity in total liver lysates (Fig. 4 , B and C), indicating that the contribution of FATP2 to total (V)LACS activity is minor or that increased expression of other microsomal enzymes is able to compensate. In contrast, LACS and VLACS activity in immunopurified peroxisomes was reduced by 59% and 51%, respectively (Fig. 4, D  and E) .
Inhibition of hepatic FATP2 improves hepatosteatosis and glucose homeostasis. Because the treatment of human liver disorders is more informed by the reversal than the prevention of hepatosteatosis, we designed an experiment in which all animals were initially fed a high-fat diet for 6 wk, which is sufficient to cause significant hepatosteatosis (7), injected with mock PBS, AAV-control, or AAV-FATP2, and fed a high-fat diet for an ajpendo.physiology.org additional 6 wk. Alternatively, animals were fed a matched low-fat diet over the 12 wk of the experiment and received injections at week 6, as outlined for the high-fat diet group. A single injection of FATP2-specific AAV-shRNA particles at week 6 was sufficient to cause a complete loss of FATP2 protein at the end of the 12-wk study without affecting hepatic FATP5 or FATP4 expression (Fig. 5A) . Total liver TG content was marginally lower in FATP2 knockdown mice fed a low-fat diet than control mice (Fig. 5B) . High-fat feeding markedly increased hepatic lipid content in all groups; however, loss of FATP2 function led to a significant reduction in liver TG (Fig. 5B) . By contrast, levels of hepatic free and esterified cholesterol were not affected by FATP2 knockdown (Fig. 5C) . Consistent with the unaffected expression of FATP2 in kidney, TG content in this organ was unchanged following FATP2 knockdown (Fig. 5D) , while lipid content in skeletal and cardiac muscle was slightly increased (data not shown). The reduction in hepatosteatosis following FATP2 knockdown was also clearly detectable by histological examination of liver sections. Masson's trichrome staining of control livers from animals fed a high-fat diet showed clear signs of macrovesicular steatosis without cirrhosis, indicating that progression to nonalcoholic hepatosteatosis did not occur. The control liver also had significant lipid deposition, as detected by staining with BODIPY 493/503 (Fig. 5E ). Loss of FATP2 caused a clear improvement in morphology and neutral lipid content (Fig.  5E) , indicating a significant reversal of established hepatosteatosis.
While body weight and food consumption of FATP2 animals fed low-or high-fat diets were not significantly different from AAV-SCR controls (Fig. 6, A and B) , fasting glucose levels showed a marked improvement following loss of FATP2. After 6 wk of high-fat feeding, serum glucose levels were clearly elevated in all mice prior to AAV injection (Fig. 6C) . Importantly, 4 wk following AAV-FATP2 injection, serum glucose levels were significantly lower in FATP2 knockdown animals than AAV-SCR controls and remained lower throughout the rest of the study (Fig. 6C) , despite the animals' identical weight and food consumption. Glucose tolerance tests in high-fat-fed animals also demonstrated significantly lower values for FATP2 knockdown animals (Fig. 6D) . However, when corrected for lower initial glucose values, areas under the curve were identical for AAV-SCR control and AAV-FATP2 animals (19,724 and 19,635, respectively) . This indicated that glucose disposal, which is primarily a function of skeletal muscle and adipose tissue, was unchanged following inhibition of hepatic . A further indication of improved insulin sensitivity following loss of FATP2 in high-fat-fed animals was the reduction in fasting insulin levels (Table 1 ) from 1.21 to 0.95 ng/ml. The lower fasting serum insulin and glucose levels led to a significant improvement in the homeostasis model assessment of insulin resistance score from 9.3 for AAV-SCR-injected animals to 6.4 for AAV-FATP2-injected animals. Fasted serum lipid parameters, including total serum TG, FFAs, and cholesterol, were unaffected by loss of hepatic FATP2 (Table 1) 
DISCUSSION
FATP2 is a member of the FATP family and is predominantly expressed in liver and kidney. Focusing on lipid metabolism, hepatic FATP2 has been ascribed a number of functions, including peroxisomal VLACS and plasma membrane fatty acid transport. However, the relative contribution of FATP2 to either function and the physiological consequences of loss of hepatic FATP2 for liver lipid metabolism have remained unclear. Here we investigated the subcellular distribution of FATP2 and utilized an AAV-shRNA-based strategy to determine the impact of loss of liver FATP2 function on VLACS activity, hepatic lipid metabolism, and insulin sensitivity.
While the presence of FATP2 in peroxisomes has been confirmed, this is the first report that describes the quantification of the peroxisomal FATP2 population compared with the total pool of this protein in hepatocytes. On the basis of imaging analysis of FATP2 colocalization with peroxisome markers and Western blot experiments with immunopurified peroxisomes, Ͼ90% of FATP2 is outside liver peroxisomes. Using immunofluorescence and immunoelectron microscopy, we found that a significant fraction of the nonperoxisomal FATP2 is found on the plasma membrane, particularly in the space of Disse and in bile canaliculi.
The murine FATP2 sequence shares 34 -50% amino acid identity with the other members of the murine FATP family and is most closely related to FATP6, a heart-specific protein that can enhance the uptake of LCFAs (11) . Accordingly, FATP2 enhances LCFA uptake in mammalian cells (Fig. 2) and can compensate for the loss of the endogenous yeast FATP (5) . This indicates that it is a bona fide fatty acid transporter. While FATP2-null mice have been reported previously (16) , alterations in hepatic FFA uptake were not characterized. Thus we utilized an AAV-shRNA expression strategy, previously developed for targeting FATP5 (7), to specifically silence hepatic FATP2. We were able to efficiently suppress hepatic FATP2 expression in vivo without causing pathological alterations in serum aspartate aminotransferase or alanine aminotransferase levels, liver histology, or feeding behavior. AAVshRNA expression affected only the target gene, FATP2, and not the related FATP4 or FATP5. As previously reported for Values are means Ϯ SD from 5 animals per group. Data were obtained from fasted mice during week 6, except total bile, which was measured in week 12 of the high-fat diet. AAV, adeno-associated virus; SCR, scrambled; shRNA, short hairpin RNA; FATP2, fatty acid transport protein 2; HOMA-IR, homeostasis model assessment of insulin resistance; FFA, free fatty acid; TG, triglyceride; ␤-OH-butyrate, ␤-hydroxybutyrate; AST, aspartate aminotransferase. *Significant difference.
AAV8-based viruses (13), knockdown was liver-specific and did not affect the expression of FATP2 in the kidney. Thus the observed effects on whole body metabolism were most likely solely due to inhibition of hepatic FATP2.
Loss of FATP2 had a significant effect on hepatic FFA uptake, which, in many aspects, was similar to loss of FATP5. AAV-induced suppression of either protein resulted in a ϳ40% loss in the uptake (7) . As diet-induced hepatosteatosis is at least in part mediated by the uptake of exogenous fatty acids by the liver, FATP2 function is likely to contribute to the disease etiology. We tested this hypothesis directly by eliminating FATP2 function subsequent to the establishment of hepatosteatosis. Despite unchanged food consumption, AAV-FATP2, but not AAV-SCR, transduction resulted in decreased total liver TG levels, a significant improvement in hepatocyte morphology, and decreased number and size of intracellular lipid droplets. Since absorption of fatty acids was unaffected by FATP2 knockdown, it was surprising that fat pad size was reduced and body weight was marginally improved. Together with the slight increase in lipid content of skeletal and cardiac muscle, this indicates that fatty acids not taken up by the liver were redirected to sites other than white adipocyte storage depots and, probably, metabolized. Clearly, further studies into changes in energy balance and metabolic rates following loss of FATP2 are needed.
Hepatosteatosis is closely linked to obesity-induced insulin resistance (14) , and blocking FATP2 function may therefore improve insulin sensitivity. Indeed, starting at 4 wk postinjection, we observed significantly lower serum glucose levels in FATP2 knockdown than control mice. At the end of the 12-wk study, fasting glucose and insulin levels were significantly lower in AAV-shRNA-FATP2-injected mice. This resulted in an improved homeostasis model assessment of insulin resistance score, which has been shown to closely correlate with direct measurements of whole body insulin resistance (17) . Together, these findings suggest that inhibition of FATP2 may be a target for the management of diabetes.
In contrast to the effects on LCFA uptake, AAV-mediated knockdown of hepatic FATP2 had modest effects on (V)LACS activity in this organ. This is not surprising, as FATP3-5, long-chain acyl-CoA synthetases, and Bubblegum (BG1) are known to have redundant (V)LACS functions (8, 31, 35) . We found that while overall reduction of VLACS and LACS activity was not significant, peroxisomal LACS and VLACS activity was reduced by 59% and 51%, respectively. Given that the majority of FATP2 resides outside peroxisomes, it is likely that FATP2 (V)LACS activity requires additional, peroxisomespecific, cofactors. ABCD1, also known as ALDP, could be this potential interaction with FATP2. This peroxisomal X-ALD-linked ABC family member has been shown to promote peroxisomal association of FATP2 (40) and to bind directly in yeast-based interaction assays to FATP2 (22) . If and how such interactions influence the enzymatic activities associated with FATP2 remain to be investigated. Furthermore, our observations also indicate that FATP2 is not the sole (V)LACS in peroxisomes, raising the interesting question of which protein(s) mediates the residual 50% activity.
FATP2 has also been suggested to be involved in a critical step of cholesterol catabolism and bile acid synthesis. Cholesterol catabolism to bile acids is initiated via a classical (CYP7A1) or an alternative (CYP27A1) pathway in the endoplasmic reticulum. It is followed by sterol ring modifications, which occur in the endoplasmic reticulum and cytoplasm, and side chain oxidation. Side chain oxidation is started by oxidation of a methyl group to carboxylic acid in mitochondria. Subsequently, activation of DHCA and THCA by a bile acid CoA synthetase is followed by side chain oxidation/shortening and amino acid conjugation in peroxisomes (28) . FATP2 expression has been linked to activation of DHCA and THCA (23) . Thus loss of the hepatic dihydroxycholestanoyl/trihydroxycholestanoyl-CoA synthetase function should lead to decreased bile and increased liver cholesterol levels. However, after knockdown of hepatic FATP2, we found no change in bile levels and no accumulation of hepatic total cholesterol or total cholesterol esters. While further experiments are needed for a more detailed examination of total bile composition, this indicates that FATP2 is not critical for DHCA/THCA activation and bile synthesis in vivo.
In a comparison of FATP2 with FATP5, some similarities and some differences arise. The knockdown of both genes leads to improvements in NAFLD and metabolic parameters. Although FATP2 and FATP5 account for a large portion of hepatic fatty acid uptake, the FATP5 knockdowns had a more profound effect on liver TG accumulation, diabetes, and weight loss. This more dramatic effect may be due to the suppressed appetite of the FATP5 knockdown mice (7) . Redundant hepatic fatty acid uptake and (V)LACS activities of FATP2 and FATP5 may be distinguished by their expression patterns: FATP5 is restricted to the plasma membrane facing the space of Disse (6), while FATP2 is also expressed in the bile canaliculi and peroxisomes. This compartmentalization allows for different functions and roles in hepatocytes. Also, it is clear that FATP5 is responsible for the reconjugation of bile acids (19) , but the role of FATP2 in bile synthesis requires more studies. Whether FATP2 or FATP5 is a better treatment target, in addition to any additive effects of knocking down both proteins, remains to be determined.
Overall, we have shown that FATP2 is a multifunctional protein, and its specific function may be dictated by its intracellular localization and organelle-specific interactions. Importantly, inhibition of FATP2 function leads to improved hepatosteatosis and insulin sensitivity. Targeting FATPs has recently become more attractive, as potent small-molecule inhibitors for human FATP2 (29) and FATP4 (3) have been identified in high-throughput compound screens, and pursuing hypomorphic modulation strategies of FATPs may lead to novel treatment options for obesity-related disorder.
